Hox genes play a central role in the specification of distinct segmental identities in the body of arthropods. The specificity of Hox genes depends on their restricted expression domains, their interaction with specific cofactors and selectivity for particular target genes. spalt genes are associated with the function of Hox genes in diverse species, but the nature of this association varies: in some cases, spalt collaborates with Hox genes to specify segmental identities, in others, it regulates Hox gene expression or acts as their target. Here we study the role of spalt in the branchiopod crustacean Artemia franciscana. We find that Artemia spalt is expressed in the pre-segmental 'growth zone' and in stripes in each of the trunk (thoracic, genital and post-genital) segments that emerge from this zone. Using RNA interference (RNAi), we show that knocking down the expression of spalt has pleiotropic effects, which include thoracic to genital (T → G), genital to thoracic (G → T) and post-genital to thoracic (PG → T) homeotic transformations. These transformations are associated with a stochastic de-repression of Hox genes in the corresponding segments of RNAi-treated animals (AbdB for T → G and Ubx/AbdA for G → T and PG → T transformations). We discuss a possible role of spalt in the maintenance of Hox gene repression in Artemia and in other animals.
Introduction spalt (sal) was originally identified as a gene required for the development of posterior head and posterior abdominal segments in Drosophila embryos (Jurgens, 1988) . Subsequent studies revealed that spalt and its sister gene, spalt-related (salr), encode transcription factors with several conserved zincfinger domains and play a number of important roles in development, including the specification of segmental identities (together with Hox genes) in the embryo, tracheal patterning, the establishment of a central domain in the wing blade, the selection of photoreceptor cell fate in the eye and cell fate decisions in the nervous system (de Celis et al., 1996; Dong et al., 2002; FranchMarro and Casanova, 2002; Kuhnlein et al., 1994; Mollereau et al., 2001; Rusten et al., 2001) . Homologues of spalt have been cloned in several animals, including C. elegans (sem-4 gene), fish, Xenopus, mice and humans (SALL1-4 paralogues), where they are known to have diverse developmental roles (Grant et al., 2000; Harvey and Logan, 2006; Koster et al., 1997; Nishinakamura et al., 2001; Onai et al., 2004; Parrish et al., 2004; Toker et al., 2003) . In humans, mutations in the SALL1 and SALL4 genes are associated with the Townes-Brocks syndrome and Okihiro syndrome, respectively, which include developmental anomalies in the ear, limbs, anus, kidneys and heart (Al-Baradie et al., 2002; Kohlhase, 2000; Kohlhase et al., 1998 Kohlhase et al., , 2002 Kohlhase et al., , 2005 .
The function of spalt genes has been closely associated with the function of Hox genes in several developmental contexts: in Drosophila embryos, spalt acts in combination with Hox genes to specify segmental identities of gnathal and posterior abdominal segments (Jurgens, 1988; Kuhnlein et al., 1994) ; in Drosophila wing/haltere development, spalt is a direct target of repression by the Hox gene Ubx (Galant et al., 2002) ; in C. elegans, the spalt homologue sem-4 directly regulates the expression of the Hox gene egl-5 in the context of touch receptor specification (Toker et al., 2003) and the Hox gene lin-39 in the context of vulval development (Grant et al., 2000) . In vertebrates, some anomalies associated with mutations in SALL1 (Townes-Brocks syndrome) are similar to the phenotypes of some Hox genes, leading to speculation that their functions may also be linked (Toker et al., 2003) . Thus, spalt genes are associated with the function of Hox genes in several contexts, but the nature of this relationship is not constant: spalt genes appear to be acting as cofactors, regulators or targets of different Hox paralogues in each of these cases.
So far, no clear parallels have been found in the way spalt genes interact with Hox genes in Drosophila, C. elegans or mice, suggesting that these roles may have evolved independently in these animals. Studies of spalt functions in additional species may shed light on the origin of these diverse functions.
Here we study the function of a spalt orthologue -equally related to Drosophila spalt and spalt-related (Copf et al., 2003) -in the branchiopod crustacean Artemia franciscana. We have raised antibodies to study the expression of this gene in Artemia and used RNA interference (RNAi) to knock down gene expression and study its effects during the generation of trunk segments.
Materials and methods

Antibody against Artemia Spalt and immunohistochemical stainings
A 240 bp fragment of A. franciscana spalt (Af Sal), corresponding to an exon encoding zinc-finger 2, was amplified from genomic DNA using the primers 5′-cgggatccTGCGTCATTTGTCATAGAG-3′ and 5′-cggaattcAAGTCTTA-TATGTTGTTG-3′, based on a previously published sequence (accession AJ567454; Copf et al., 2003) . The fragment was cloned in the pGEMT-Easy vector (Promega), verified by sequencing and subcloned as a BamHI-HindIII fragment into the pET-23a expression vector (Novagen) to generate a His-tagged protein fusion. The protein was expressed in BL21(pLys) cells and purified on an Ni-NTA column (QIAGEN), as described in the manufacturer's manual. Antibodies were raised against this bacterially expressed protein by repeated immunizations in three mice and a rabbit (carried out by Davids Biotechnologie) over a period of 6-8 months. The rabbit anti-AfSal serum was affinity purified on an Affigel-10 column (Biorad) carrying the bacterially expressed and purified Artemia Spalt protein (Harlow and Lane, 1988) . The sera were used for whole mount immunohistochemical stainings on Artemia larvae at 1:50-1:500 dilutions, as described previously (Copf et al., 2003) . The best immunostainings were obtained with the affinity purified rabbit anti-AfSal serum; similar patterns were also observed with two of the mouse sera. Double immunostainings with Engrailed or Nubbin/Pdm were carried out using the 4F11 and 2D4 monoclonal antibodies, respectively (Averof and Cohen, 1997; Damen et al., 2002; Patel et al., 1989b) .
Artemia spalt RNAi
The 240 bp fragment of AfSal was subcloned as a BamHI-EcoRI fragment from the pGEMT-Easy clone into pBluescript II KS (Stratagene). Double stranded RNA was produced from this clone using T3 and T7 RNA polymerase and was injected into stage L1-L3 larvae, as described previously (Copf et al., 2004) . The larvae were then cultured for approximately 2 weeks before collection and fixing.
Analysis of RNAi phenotypes by SEM and immunohistochemical stainings
RNAi-treated animals were fixed for 30 min at room temperature with 4% formaldehyde in seawater and washed extensively in 100% methanol. Their phenotypes were initially examined and categorized under a Leica MZ6 stereoscope. Selected animals were then examined by scanning electron microscopy (SEM), as described previously (Copf et al., 2003) . Specimens were often examined by SEM and then dissected, re-coated and re-examined to reveal structures hidden by the mature thoracic limbs. The expression of Distalless, AbdB, Nubbin/Pdm and Ubx/AbdA was examined in a small number of individuals by whole mount immunochemical stainings, as described previously (Copf et al., 2003) , using a mouse polyclonal anti-Dll (Panganiban et al., 1995) , a mouse polyclonal anti-AbdB (Copf et al., 2003) , the mouse monoclonal 2D4 (Averof and Cohen, 1997; Damen et al., 2002) and the mouse monoclonal FP6.87 (Kelsh et al., 1994) antibodies, respectively.
Results
Expression of Artemia spalt during the formation of trunk segments
We previously cloned a fragment of spalt from Artemia and examined its expression by in situ hybridization in newly hatched larvae (Copf et al., 2003) . At this stage, the animal consists of the head region, the pre-segmental 'growth zone' from which all the trunk segments will subsequently arise and a telson at the posterior end. During this stage, spalt transcripts are specifically localized to the growth zone (Fig. 1A ). Problems associated with the in situ hybridization technique in older stages did not allow us to examine the expression of spalt during subsequent larval stages, when the trunk segments and their appendages are generated from this growth zone. To overcome this problem, we raised antibodies to detect the distribution of Artemia Spalt protein by immunohistochemical stainings.
During larval development, Spalt is detected in the presegmental zone that lies between the newly formed segments and the telson, the area that is broadly defined as the 'growth zone' (Figs. 1B, C) . Furthermore, Spalt is detected in a series of stripes that correspond to individual trunk segments as they emerge from the growth zone (Figs. 1B, C) . These stripes appear in a similar fashion in all the thoracic, genital and postgenital segments. They become broader and less sharp as the segments mature and eventually fade away. Double stainings with antibodies for Spalt and Engrailed (which is expressed in the posterior compartment of each segment; Manzanares et al., 1993; Patel et al., 1989a) show that the Spalt stripe is straddling the anteroposterior (AP) compartment boundary (between Engrailed-and non-Engrailed expressing cells) in each segment (Fig. 1D ). In the maturing thoracic segments, Spalt expression becomes more prominent in the distal parts of the growing limb buds ( Fig. 1E ) and then becomes localized to a small number of cells within the phyllopodous thoracic appendages (Fig. 1F ). Spalt expression is also detected in cells within the central nervous system (seen in Fig. 1D ), in a pair of large cells associated with the posterior part of the gut and in the ommatidia of the compound eyes (not shown).
spalt RNAi phenotypes
In a previous study, we developed an effective methodology for knocking down gene expression by RNAi in Artemia; this was achieved by injecting double-stranded RNA (dsRNA) into the hemocoel of early larvae and detecting systemic RNAi phenotypes in the same individuals during later larval stages (Copf et al., 2004 ). Here we use this technique to study the effects of reducing spalt function in Artemia. As in our previous study, we find that a significant proportion of injected individuals have no discernible phenotype, presumably due to incomplete inactivation of the gene. The remaining individuals have variable but severe defects in their appendages, including the replacement of thoracic appendages by genital structures and the appearance of thoracic appendage structures in the genital and/or post-genital segments. The latter phenotypes, where segmental structures are transformed into structures that normally arise on different segments, represent homeotic transformations in two opposite directions: thoracic to genital (T → G) and genital or post-genital to thoracic (G/PG → T). In addition to these phenotypes, some segmental anomalies including segment malformations or fusions are also observed (see Fig. 4C ).
In a representative experiment, we observed that 49% (97/ 199) of individuals that that survive to late larval stages have no obvious phenotype, while the remaining individuals (102/199) have variable but severe defects in at least some of their appendages. The majority of these animals have thoracic appendages that are severely malformed (lacking the multilobed phyllopodous structure and setae of normal thoracic appendages; Figs. 2D, E), rudimentary or entirely missing (Figs.
2C, E). About 8% (15/199) have genital structures replacing some of the last thoracic appendages (Fig. 3) , and about 4% (7/ 199) have thoracic appendage structures appearing in at least some of their genital or post-genital segments (Fig. 4) . These frequencies represent the phenotypic effects of spalt RNAi as scored on a stereoscope. The frequency of severe phenotypes may be underestimated since strongly affected individuals are less likely to survive to the late larval stages when the phenotypes were scored.
These phenotypes were never observed previously in animals injected with a control dsRNA or with caudal dsRNA (see Copf et al., 2004) , suggesting that these results are specific to spalt dsRNA injection. Conversely, although some segmental anomalies are observed, we find that spalt RNAi has no obvious effects on axis elongation or on the number of segments that are generated from the growth zone, unlike the phenotypes observed with caudal RNAi (Copf et al., 2004) .
Thoracic to genital (T → G) transformations are associated with de-repression of AbdB expression
In approximately 8% of the individuals scored for spalt RNAi phenotypes, individual thoracic appendages appear to be transformed to resemble external genital structures (genitalia) that normally develop only in the genital segments. The strength and extent of these transformations are variable: some appendages appear completely transformed, while others show intermediate characters that suggest a partly thoracic and partly genital identity. These transformations are consistently observed in the most posterior thoracic segments (T10 or T11) and they are most prominent in males.
We used scanning electron microscopy (SEM) to examine these transformations in more detail. In males, the transformed appendages appear as outgrowths of similar shape and size to the normal male genitalia. In many cases, this resemblance extends to details such as the presence of a genital pore (in the correct position), the presence of an area of smoother cuticle on the median side of the appendage and the absence of setae (Figs.  3B, C) . It is interesting to note that, although the genitalia normally arise from a partial fusion of the two genital segments (G1 and G2), these T → G transformations produce genitalia that arise from single thoracic segments (see Fig. 3C ).
Immunostainings with antibodies for Distal-less, which has distinctive expression patterns in thoracic and genital appendages, confirm the overall resemblance of these outgrowths to genital appendages (Figs. 3F, G) . In these stainings, it is also possible to visualize an internal structure that resembles the evertible penis of normal genitalia (arrowheads in Fig. 3G ). In females, some of the phenotypes can be interpreted as partial T → G homeotic transformations, but these transformations are generally less complete than in males (Fig. 3D ).
Based on previously described expression patterns of Hox genes in Artemia, the genital structures are thought to be specified by strong and persistent expression of AbdB (Averof and Akam, 1995; Copf et al., 2003) . AbdB expression also extends to posterior thoracic segments during late larval stages, but this expression is significantly weaker than in the genital segments (Copf et al., 2003) . To investigate whether the T → G transformations are associated with changes in the expression of Hox genes, or independent of them, we used immunohistochemical stainings to examine the expression of AbdB in affected individuals. These stainings showed that AbdB is ectopically expressed in the transformed regions (Fig. 3H) . The levels of ectopic expression are comparable to those of normal AbdB expression in the genital segments and significantly stronger than the late AbdB expression seen in posterior thoracic segments of wild type animals (Copf et al., 2003) .
Genital to thoracic (G → T) and post-genital to thoracic (PG → T) transformations are associated with de-repression of Ubx/AbdA expression Approximately 4% of the individuals examined for spalt RNAi phenotypes have ectopic thoracic appendage structures in their genital and/or post-genital segments. The number and morphology of these ectopic structures vary. In many cases, these have characteristics of well-developed thoracic appendages, such as a phyllopodous appearance and characteristic setae arranged along the margin of the appendage (Figs. 4B-D) ; in other cases, they appear as small outgrowths or mere rows of setae (arrowheads in Fig. 4E ). Distal-less stainings confirm that these are genuine appendages with a characteristic thoracic identity (Fig. 4F) .
To examine whether these homeotic transformations are restricted to appendages or whether they also affect other tissues, we carried out immunostainings for Nubbin/Pdm, which is expressed in the developing neuromeres of the central nervous system. Normally, these neuromeres develop in the thoracic and genital segments but are absent from the postgenital segments, which become innervated by the neuromeres of the genital segments (Criel, 1991) . After spalt RNAi, ectopic Nubbin/Pdm staining was observed in the post-genital segments (3/42 stained larvae), in groups of cells that resemble neuromeres (Fig. 4G ). This indicates that spalt RNAi can also produce PG → T homeotic transformations in the central nervous system. Previous studies on Hox genes suggest that the thoracic segmental identity is likely to be specified by Ubx and AbdA in Artemia (Averof and Akam, 1995; Y. Shiga and S. Hayashi, personal communication). To examine whether the ectopic thoracic appendages obtained by spalt RNAi are associated with ectopic expression of Ubx and/or AbdA, we carried out immunostainings with a monoclonal antibody that detects both these proteins. Ectopic Ubx/AbdA expression was detected in ectopic appendages and in ectopic neuromeres of the central nervous system (Figs. 4H, I ).
The majority of individuals with ectopic thoracic appendages also have severely malformed or missing thoracic and genital appendages (see Figs. 4D, F) , and some show defects in segmentation (Fig. 4C) , suggesting that these might represent the most severe spalt RNAi phenotypes.
Discussion
Expression of spalt is not segmentally restricted in Artemia
In Drosophila, spalt is expressed in two sub-terminal regions of the embryo, where it cooperates with the Hox genes to specify the identity of gnathal and posterior abdominal segments (Jurgens, 1988; Kuhnlein et al., 1994) . Later, during larval stages, spalt is expressed in the wing primordium, but not in the haltere primordium where it is a direct target of Ubx repression; its expression in the wing contributes to patterning of characteristic wing features such as the veins (de Celis et al., Staining is observed in the genital segments (where AbdB is normally expressed; Copf et al., 2003) and in posterior thoracic segments, at similar intensities. The expression appears to be patchy and asymmetric. Anterior is up in all panels.
1996; Galant et al., 2002) . These two roles exemplify how the segmentally restricted expression of spalt can contribute to the development of segment-specific features, either in parallel to Hox genes or as their downstream target.
Contrary to Drosophila, in Artemia spalt is smilarly expressed during the generation of all the trunk segments. It is initially expressed in the growth zone, from which all these segments arise, and is then expressed in stripes of cells that run across each newly formed segment (Fig. 1) . There is no evidence for segment-specific regulation of spalt during the early stages of segment and appendage formation. Later, spalt expression becomes modulated in the growing thoracic appendages, but this occurs only after these appendages have acquired their distinctive morphology. Thus, in Artemia, the expression of spalt does not appear to be under the control of Hox genes and is unlikely to convey any segment-specific information within the trunk.
Range of spalt RNAi phenotypes
About 50% of spalt RNAi-treated animals that survived to late larval stages had an overt phenotype -a level of penetrance that is not unusual for RNAi experiments (Copf et al., 2004; Kamath et al., 2003) . We believe this is explained by the fact that RNAi reduces, but does not completely abolish, expression of the targeted gene (e.g. Caplen et al., 2001; Copf et al., 2004) . Moreover, the frequency of severe phenotypes is likely to be underestimated in these experiments as severely affected animals are less likely to survive to the late larval stages when the phenotypes were scored. (Panganiban et al., 1995) . The development of posterior thoracic appendages is also disrupted. (G) Immunostaining for Nubbin/Pdm, following spalt RNAi, showing expression in the neuromeres of the genital segments (G1 and G2) and in ectopic neuromeres in two post-genital segments (PG1 and PG2). (H) Immunostaining showing ectopic Ubx and/or AbdA expression associated with what appear to be ectopic neuronal cells (arrowhead) and ougrowths (asterisks) in the post-genital region. Ubx and AbdA are normally not expressed in this region (Averof and Akam, 1995; Copf et al., 2003) . (I) Ectopic Ubx/AbdA expression in an ectopic appendage forming on the first post-genital segment. Anterior is up in all panels except panel I.
The knockdown of spalt by RNAi produced a variety of phenotypes affecting the development and/or the identity of posterior thoracic appendages. The effect on appendages is consistent with the expression of spalt in a band straddling the AP compartment boundary in each segment, which is where the appendages arise. The most common phenotype was the development of malformed or rudimentary appendages (Fig.  2) . The restriction of this phenotype to the appendages of posterior thoracic segments (T8-T11) is probably due to the timing of spalt dsRNA injections and the delayed onset of RNAi, as documented previously for caudal RNAi (Copf et al., 2004) . Injections carried out in stage L1 larvae produced defects in somewhat more anterior appendages compared to injections at stages L2-3 (data not shown).
In contrast, no obvious differences were observed in the segmental range of T → G transformations, which were observed only in T10 or T11. The susceptibility of T10 and T11 to T → G transformations may be related to the fact that, in normal development, these segments express low levels of AbdB during late larval stages (Copf et al., 2003) . Ectopic thoracic appendages (G/PG → T transformations) were recorded in most genital and post-genital segments, with no obvious segmental preferences.
Homeotic transformations are associated with a stochastic de-repression of Hox genes
Probably the most puzzling result of these spalt RNAi experiments is the recovery of homeotic transformations in two opposite directions: posteriorward T → G and anteriorward G → T and PG → T transformations. What could be the basis for these transformations in opposite directions? The timing of dsRNA injections is not likely to be responsible as no obvious differences were found in the direction of transformations when injections were carried out in L1 or L2-3 larvae. But a hint for the resolution of this puzzle may come from the phenotypic variability observed within individual animals. The fact that, often, different phenotypes are obtained on the left and right sides of the same individual (e.g. Figs. 3D and 4B, C, F, H) suggests that there is a strong stochastic element to these transformations.
We have shown that these homeotic transformations are associated with the ectopic expression of Hox genes. The particular Hox genes that are ectopically expressed correlate with the nature of the transformation: AbdB is associated with T → G transformations, while Ubx/AbdA are associated with G/ PG → T transformations. Given the central role that Hox genes are known to play in the specification of segmental/regional identity in insects and vertebrates (McGinnis and Krumlauf, 1992) , there is likely to be a direct causal relationship between the ectopic expression of these genes and the homeotic transformations that we observe in Artemia. Thus, the variability and stochasticity of these transformations may be reduced to stochasticity in Hox gene de-repression. Indeed, the ectopic expression of AbdB and Ubx/AbdA was usually asymmetric and patchy, closely mirroring the spatial distribution of the morphological transformations (Figs. 3H and 4H, I ). Thus, de-repression of either of these Hox genes appears to be an infrequent event that is triggered stochastically in different patches of cells as a result of spalt RNAi.
Based on these results, we propose that Artemia spalt is required to maintain a robust repression on Hox genes in body regions where they should not be expressed. Unfortunately, we are not able to address whether this stochasticity is due to uneven silencing of spalt by RNAi in different groups of cells or due to the stochastic effects of lower spalt expression on its target Hox genes.
Maintenance of Hox gene repression may be a widely conserved role of spalt Our experiments suggest that Artemia spalt acts on Hox genes to ensure that they are stably repressed in segmental domains where their expression would be inappropriate. spalt does not appear to convey any segment-specific information as it is similarly expressed in all the trunk segments and it affects the expression of at least two different Hox genes. These characteristics are typically associated with the function Polycomb group (PcG) genes in Drosophila, which act as general repressors to maintain the correct spatial domains of Hox gene expression once these domains have been established by segment-specific regulators (Ringrose and Paro, 2004) .
Some authors have previously suggested that Spalt proteins may function as part of a general repression complex, similar to the PcG proteins, in diverse animals (Toker et al., 2003) . In Drosophila, this is supported by the genetic interaction of spalt with at least two PcG genes (enhancement of Polycomb and polyhomeotic mutations in double heterozygotes; Landecker et al., 1994) and by the ectopic expression of Ubx in spalt mutants (Casanova, 1989; Castelli-Gair, 1998) . In C. elegans, there is clear evidence that the spalt homologue sem-4 directly represses expression of the Hox gene egl-5 in the context of touch receptor specification (Toker et al., 2003) . And, although the molecular basis of the SALL1 phenotypes is not known, it has been shown that vertebrate SALL1 proteins can interact with chromatin remodeling complexes and act as strong transcriptional repressors; they are able to recruit histone deacetylase complexes, they co-localize with heterochromatin and with HP1 and they physically interact with a protein that binds to telomeric heterochromatin (Kiefer et al., 2002; Netzer et al., 2001 Netzer et al., , 2006 .
Taken together, these observations suggest that Spalt proteins are likely to have a conserved role in transcriptional repression through chromatin modification. This appears to be linked to the regulation of Hox gene expression in some animals but may also extend to the regulation of many other genes in various developmental contexts (including some Hox target genes). Our data from Artemia are consistent with this hypothesis and suggest that the role of spalt in maintaining Hox gene expression deserves further investigation in Drosophila and in other arthropod species.
